The activity regenerating luciferin from the luminescent product oxyluciferin was found in the protein fraction of a lantern extract from Photinus pyralis. The protein, luciferin-regenerating enzyme (LRE), was purified to homogeneity by ammonium sulfate precipitation followed by successive column chromatography on Ultrogel AcA34, S-Sepharose FF, Q-Sepharose FF, TSKgel super Q 5pw and TSKgel G3000 SW XL . This enzyme was a single polypeptide with a molecular mass of 38 kDa. LRE converted oxyluciferin to 2-cyano-6-hydroxybenzothiazole and thioglycolic acid. In the presence of D-cysteine, 2-cyano-6-hydroxybenzothiazole was turned over into luciferin. The same activities were detected in the extracts from two Japanese fireflies,Luciola cruciata and Luciola lateralis. We have cloned a cDNA encoding LRE from poly(A)+ RNA of the lantern ofP. pyralis using reverse transcription-polymerase chain reaction, 5!-RACE (rapid amplification of cDNA ends) and 3!-RACE. The primary structure of LRE from P. pyralisdeduced from the nucleotide sequence was shown to consist of 308 amino acids with a molecular weight of 33,619. The cDNA was successfully expressed under the control of the tac promoter inEscherichia coli.
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In this page In a new window containing 5 mg/ml of luciferase was added, and luminescence from regenerated luciferin was quantified with a luminometer (BLR-201, Aloka, Tokyo, Japan).
Gel Filtration
Desiccated extract from 100 mg of firefly lanterns (Sigma) was dissolved in 1 ml of Buffer A (50 mMTris, pH 7, 1 mM EDTA, 1 mM dithiothreitol, 5% glycerol, 100 mM NaCl). After centrifugation (12,000 rpm, 10 min), 100 µl of supernatant was injected into a TSKgel G3000 SW XL column (0.78 $ 60 cm, Tosoh, Tokyo, Japan). HPLC conditions were as follows: solution, Buffer A; flow rate, 1 ml/min; detector, 280 nm. The eluate was fractionated every 30 s and was analyzed for luciferase activity, amount of luciferin, and luciferin regenerating activity.
Purification of A-LRE from Firefly Lanterns of P. pyralis
Desiccated extract from 4 g of dried firefly lanterns (Sigma) was dissolved in 200 ml of Buffer A containing 10% saturation ammonium sulfate. After centrifugation, ammonium sulfate was added to the supernatant up to a concentration of 39% saturation and kept on ice for 2 h. After a second centrifugation, ammonium sulfate was added to the supernatant up to a concentration of 62% saturation and kept on ice overnight. The precipitate was collected and dissolved in 6 ml of Buffer A. The dissolved sample was loaded onto a gel filtration column (Ultrogel AcA34) equilibrated with Buffer A. A-LRE was eluted at 300 ml. The active fractions were combined and concentrated with Centriprep 10 (Amicon), and the buffer was replaced with Buffer B (5 mM Tris-HCl, pH 6.5, 1 mMdithiothreitol, 1 mM EDTA, 5% glycerol, 1 mMNaCl). The sample was loaded onto an S-Sepharose FF column. A-LRE was eluted at 100 mM NaCl using a NaCl concentration gradient of 1-200 mM in 500 ml of Buffer B. The active fractions were combined and concentrated with Centriprep 10, and the buffer was replaced with Buffer C (5 mM Tris-HCl, pH 8.0, 1 mM dithiothreitol, 1 mM EDTA, 5% glycerol, 1 mM NaCl). The sample was loaded onto a Q-Sepharose FF column. A-LRE was eluted at 100 mM NaCl using a NaCl concentration gradient of 1-200 mM in 500 ml of Buffer C. The active fractions were combined and concentrated with Centriprep 10 to a volume of 2 ml. The concentrated sample was loaded onto a TSKgel super Q 5pw column and subjected to HPLC. A-LRE was eluted at 70 mM NaCl in 50 ml of a 0-200 mM NaCl gradient. The active fractions were pooled and concentrated with Centriprep 10 to 2 ml. The concentrated sample was loaded onto a TSKgel G3000 SW XL column equilibrated with Buffer A and subjected to HPLC under the same conditions as in Fig.3 . A-LRE was eluted at 21 ml.
Figure 3
HPLC gel filtration of firefly extract.Firefly extract was loaded onto a gel filtration column as described under "Experimental Procedures". The eluate from the column was analyzed for luciferase activity (open arrow), amount of luciferin (solid arrow), and luciferin-regenerating activity (solid circles).
Purification of H-LRE
Lanterns (wet weight, 2 g) of frozen L. lateralis were homogenized in 15 ml of 25 mM Tris-HCl (pH 7.8) containing 1 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride and 1 mMdithiothreitol using Ace homogenizer AM-3 (Nihon Seiki, Tokyo, Japan). The supernatant of the homogenate was used for purification according the same procedure as described for A-LRE except for 30-60% saturated ammonium sulfate precipitation. G-LRE was purified from lanterns of L. cruciata according the same procedure as described for H-LRE.
SDS-PAGE and Determination of Amino Acid Sequences of A-LRE
Some fractions containing A-LRE were electrophoresed in 4-20% gradient polyacrylamide gels with SDS. The N-terminal amino acid sequence of A-LRE was determined using a peptide sequencer (ABI 492; PerkinElmer Life Sciences). To analyze internal amino acid sequences, LRE was digested by trypsin (7) . Purified LRE (∼0.5 mg) was separated by SDS-PAGE. The gel was stained with Coomassie Brilliant Blue G-250 for 5 min and destained with 30% methanol for 5 min, followed by water until the protein band was visible. The band of LRE was cut out and washed with 0.1 MNH 4 HCO 3 in 50% acetonitrile three times in a microtube. After drying, the gel was stored at %20#°C. The gel was homogenized in 40 µl of digestion buffer containing 50 mMNH 4 HCO 3 , 5 mM CaCl 2 , and 1 ng/µl modified trypsin (Promega). After incubation overnight at 37#°C, a supernatant was removed after centrifugation, and the precipitate was washed a total of four times with 40 µl of the following solutions; first, 0.1 MNH 4 HCO 3 , and then 5% formic acid in 50% acetonitrile (three times). The supernatant was pooled and concentrated in a centrifugal evaporator. The amino acid sequences of six peptides were determined using an ABI 492 peptide sequencer.
Isolation of mRNA from P. pyralis
Desiccated firefly tails (Sigma) were ground with a mortar and suspended to 10 ml of ISOGEN (WAKO, Osaka, Japan). After centrifugation, total RNA was precipitated with isopropanol from the solution of upper layer. Finally, poly(A)+ RNA was isolated using an Oligotex-dT30 (Super) (Takara, Kyoto, Japan).
Synthesis of Oligonucleotide Primers
To isolate the cDNA of A-LRE, nine oligonucleotide primers were synthesized: KN3, KN4, KN6, KN7, KC6, KC9, KC10, KC11, and KC12 ( TGG AGT AAT GAT TTG AA-3!; KN7, 5!-ATG GGG CCA GTT GTT GAA AAA ATT GC-3!; KC6, 5!-TCR TCN ARR TTI GGN CCI CCR AAI GCI AC-3!; KC9, 5!-ATC GTA CTC GTC TAC TCT TC-3!; KC10, 5!-TAG GTG CAG CAC TAA CGC CAT C-3!; KC11, 5!-TTC ACG TTC CAA ACT GAC TAC-3!; KC12, 5!-TCA TAG CTT CAC TTA ACT CCC GCG AA-3!.
RT-PCR
The reverse transcription reaction was carried out in a final volume of 20 µl containing 2.5 pmol of the oligo(dT) primer, 1 µl of P. pyralis mRNA, 1 mM each of four deoxynucleoside triphosphates and 5 units of reverse transcriptase at 42#°C for 30 min, 99#°C for 5 min and 5#°C for 5 min. PCR was carried out in a final volume of 100 µl containing 20 pmol each of the oligonucleotide primers (KN3, KC6), 20 µl of RT solution and 2.5 units of Taq polymerase. Amplification was carried out by an initial denaturation step at 94#°C for 2 min followed by 35 cycles of 94#°C for 30 s, 55#°C for 30 s, and 72#°C for 1.5 min. Reaction products were subjected to electrophoresis, and the amplified DNA band (0.7 kbp) was recovered from the gel.
3!-Rapid Amplification of cDNA Ends (RACE)
The 3!-RACE reaction was carried out under the same conditions as RT-PCR except for the primers used. Oligo(dT)-adapter primer (Takara) was used for reverse transcription, and oligonucleotide primers KN4 and M13-M4 (Takara) were used for PCR.
5!-RACE
The reactions were performed according to Maruyama's protocol (8) . KC9 primer was phosphorylated by T4 kinase. The first reaction (reverse transcription) was carried out in a final volume of 15 µl containing 200 pmol of phosphorylated primer KC9, 0.6 µg of P. pyralis mRNA, 1 mM of the each four deoxynucleoside triphosphates, and 5 units of reverse transcriptase at 30#°C for 10 min, 55#°C for 45 min, 80#°C for 2 min, and 5#°C for 5 min. The second reaction (degeneration of RNA) was carried out in a final volume of 76 µl containing 15 µl of the first reaction solution and 60 units of RNaseH at 30#°C for 60 min. After the reaction, singlestranded DNA was recovered by ethanol precipitation. The third reaction (single-stranded DNA ligation) was carried out in a final volume of 41 µl containing singlestranded DNA from the second reaction, 20 µl of 40% PEG 6000 and 40 units of T4 RNA ligase, at 16#°C overnight. The fourth reaction (first PCR) was carried out in a final volume of 50 µl containing 1 µl of 1/10 diluted third reaction solution, 0.4 mM of each dNTP, 10 pmol of each primer (KC10, KN4) and 2.5 units of Ex-Taqpolymerase at 94#°C for 3 min followed 25 cycles of 94#°C for 30 s, 60#°C for 30 s, and 72#°C for 1 min. The fifth reaction (nested PCR) was carried out in a final volume of 50 µl containing 1 µl of the fourth reaction solution, 0.4 mMof each dNTP, 10 pmol of each primer (KC11, KN6) and 2.5 units of Ex-Taq polymerase by 30 cycles of 94#°C for 30 s, 60#°C for 30 s, and 72#°C for 1 min. PCR products were subjected to electrophoresis, and the amplified DNA band (0.4 kbp) was recovered from the gel.
Culture and Extraction of LRE Expressed in E. coli
The full-length LRE cDNA was amplified by RT-PCR. Reverse transcription of 1 µg of poly(A)+RNA using 2.5 pmol of oligo(dT)-M13-M4 primer was performed for 30 min at 42#°C using 5 units of avian myeloblastosis virus RT-XL. The sample was kept at 99#°C for 5 min and used for PCR under the following conditions: 30 s at 94#°C, 30 s at 60#°C, 2 min at 72#°C for 30 cycles. Primers were KN7 and KC12. PCR product was inserted into the EcoRI site of pKK223-3 (Amersham Pharmacia Biotech) yielding the expression plasmid pLRE. JM109 carrying pKK223-3 and pLRE were cultivated in L-broth containing 100 µ/ml of ampicillin at 37#°C
. When the cell density reached around 2 $ 10 8 cells/ml, the cultures were supplemented with isoprooyl-1-thio-&-D-galactopyranoside at a final concentration of 1 mM and further incubated for 4 h. The harvested cells were resuspended in an equal volume of 50 mM Tris-HCl buffer (pH 7.8) and disrupted by ultrasonication and centrifuged to obtain the cell extracts.
Nucleotide Sequencing Procedure and Analysis of Reaction Products by HPLC
cDNA fragments of the A-LRE gene were sequenced using a dye terminator sequencing kit (PerkinElmer Life Sciences) running on an ABI 373A (PerkinElmer Life Sciences). The complete reaction mixtures contained 25 mM glycylglycine (pH 7.8), 5 mM MgSO 4 , 0.5 mMoxyluciferin, 5 mM D-cysteine, and 27.6 µg of LRE. Incubation was carried out at 37#°C for 1 h. Aliquots of the reaction mixtures were injected into a TSKgel super ODS column (4.6 $ 50 mm, Tosoh) and eluted at a constant flow rate (0.8 ml/min) with 2 mM sodium phosphate buffer (pH 7) in 32% methanol (9) . Chromatograms were registered simultaneously at a wavelength of 330 nm. Oxyluciferin, luciferin and the nitrile (2-cyano-6-hydroxybenzothiazole) were analyzed using super ODS columns under the same conditions. 2-Cyano-6hydroxybenzothiazole was synthesized according to the procedure described by White et al. (10) . The chromatographic peaks 1, 2, and 3 corresponded to luciferin, the nitrile, and oxyluciferin, respectively.
Effects of LRE on Luciferin-Luciferase Reaction
The effects of LRE on the luciferase assay were determined using a luminometer (BLR-201, Aloka) at 25#°C with readings taken every 30 s. The reaction mixture contained 190 µl of 25 mM glycylglycine buffer (pH 7.8), 5.4 mM MgSO 4 , 0.25 mM luciferin, 2.5 $ 10 %5 mg/ml luciferase, 5 mM D-cysteine, and 10 µl of purified LRE (13.8 µg) or Buffer A.
RESULTS
The resolved firefly lantern extract of P. pyralis(Sigma) was fractionated by HPLC with TSKgel G3000 SW XL . Each fraction was assayed with oxyluciferin and Dcysteine and the amount of regenerated luciferin was measured by luminescence of luciferase and ATP. LRE activity was eluted from the column in the ∼40-kDa protein fraction and was separated from luciferase and luciferin (Fig. 3) . The activity in the protein fraction suggested that oxyluciferin could be enzymatically regenerated into luciferin in the firefly lantern.
A-LRE, luciferin-regenerating enzyme, was purified from firefly lantern extract of P. pyralis by ammonium sulfate precipitation followed by successive column chromatography on Ultrogel AcA34, S-Sepharose FF, Q-Sepharose FF, TSKgel super Q 5pw and TSKgel G3000 SW XL . The purified A-LRE had a molecular mass of ∼38 kDa (Fig. 4, lane 3) and showed maximum activity at pH 7-8 and 40#°C (data not shown). LRE activities were also found in the extracts of two Japanese fireflies (L. cruciata and L. lateralis). Both LREs were purified according to the purification procedure described for P. pyralis except for 30-60% saturated ammonium sulfate precipitation. LREs from three fireflies, A-LRE (P. pyralis), G-LRE (L. cruciata), and H-LRE (L. lateralis) were characterized together.
As shown in Fig.5 , the stability of the LREs at different temperatures was investigated. LREs were found to be relatively stable up to 50#°C. However, A-LRE and G-LRE were unstable at temperatures of 60#°C or more. On the other hand, the remaining activity of H-LRE was about 50% after heat treatment at 70#°C for 30 min. H-LRE was found to be most stable among these LREs. The optimum pH value for the reaction was 7.0 for A-LRE and G-LRE and 8.0 for H-LRE (data not shown). The N-terminal amino acid sequence of the purified protein was determined to be GPVVEKIAELGKYTVGEGP by Edman degradation with an automated protein sequencer (model 492, PerkinElmer Life Sciences). A homology search for this sequence in the Swiss-Prot protein sequence data base revealed no matches. This indicated that LRE was a novel protein. LRE was the only enzyme found that acted on oxyluciferin.
To analyze the internal amino acid sequence, purified LRE was hydrolyzed by trypsin in gel. An ABI 492 peptide sequencer was used to analyze some peptides separated using the C18 column of the µ-blotter system (PerkinElmer Life Sciences), and the following sequences were determined: IPDPQVTSVAFGGPNLDELH (seq. 1), LNDGKADPLGNLWTGTMAIDAGLPVGPVTG (seq. 2), YTVGEGPHWDHETQTLYFVDT (seq. 3), MHESNIAIANGLAWSNDLK (seq. 4), FVVSLER (seq. 5), VDEYDYDASTLSISNQRPLFTFEK (seq. 6). The N-terminal seven residues of sequence 3 matched the N-terminal region amino acid sequence of LRE, which had already been determined.
To obtain a part of the cDNA of A-LRE, we used RT-PCR amplification with oligo(dT) primer and oligonucleotide primers KN3 and KC6. KN3, a sense primer, was designed and synthesized on the basis of the N-terminal amino acid sequence of purified A-LRE. KC6 was synthesized as an antisense primer on the basis of the internal amino acid sequence of a trypsin-hydrolyzed peptide from purified A-LRE. A DNA fragment of ∼0.7 kbp was amplified and sequenced. The N-terminal region amino acid sequence and several amino acid sequences of internal peptides were found in the amino acid sequence deduced from the 0.7-kbp DNA fragment.
A new primer, KN4 was synthesized on the basis of the 0.7 kbp DNA fragment and was used for 3!-RACE (11) . A DNA fragment of 0.53 kbp was amplified and sequenced. The amino acid sequence of an internal peptide was found in the amino acid sequence deduced from this fragment.
To obtain the 5!-terminal DNA sequence of the cDNA encoding LRE by 5!-RACE, four new primers, KC9, KC10, KC11, and KN6, were synthesized on the basis of the DNA sequence of a 0.7-kbp fragment (8) (Fig. 2) . KC9 primer was phosphorylated by T4 kinase and used for reverse transcriptase reaction with avian myeloblastosis virus RT-XL. The resultant single-stranded DNA was ligated with T4 RNA ligase and used for first PCR amplification with KC10 and KN4 primers. Diluted first PCR solution was used for nested PCR amplification with KC11 and KN6 primers. A DNA fragment of 0.4 kbp was amplified and sequenced. The Nterminal amino acid sequence was found in the amino acid sequence deduced from the 0.4-kbp fragment.
New primers for the full-length gene, KN7 and KC12, were synthesized, and were used for RT-PCR with oligo(dT) primer for reverse transcription. A DNA fragment of ∼0.9 kbp was amplified and inserted into the pKK223-3 vector. E. coli JM109 was transformed with the ligated plasmid. Plasmid DNA (pLRE) from the transformant, E. coli JM109 (pLRE), was isolated and sequenced. Fig. 6 shows the nucleotide sequence of the A-LRE cDNA consisting of 927 bp. The nucleotide sequences determined by RT-PCR, 3!-RACE, and 5!-RACE existed in this full sequence. The identified N-terminal amino acid sequence was GPVVEKIAELGKYTVGEGP. Although no residue could be assigned to the first position, the remaining sequence is consistent with the ATG codon being used as http://www. the initiator methionine codon. The A-LRE polypeptide consists of 308 amino acids with a predicted molecular mass of 33619 Da. This is in agreement with the observed molecular mass of LRE (38 kDa) determined by SDS-polyacrylamide gel electrophoresis. Sequence comparison at the amino acid level (deduced from the nucleotide sequence) indicated low levels of similarity to some genes. The alignments revealed 33% similarity to Bacillus hypothetical 33.2-kDa protein in the gerac-fhuc intergenic region and 23% to yeast PCF11 protein.
Figure 6
Nucleotide sequence of A-LRE cDNA and deduced amino acid sequence. The N-terminal and partial amino acid sequences determined by Edman degradation are boxed andunderlined, respectively.
Recombinant E. coli cells, JM109 (pLRE) and JM109 (pKK223-3), were cultured with the addition of 1 mMisoprooyl-1-thio-&-D-galactopyranoside at the Klett 100, and cell extracts were tested for LRE activity. As shown in TableI, LRE activity was detected in the extract of JM109 (pLRE). Table I LRE activity in E. coli JM 109 containing pLRE and pKK223-3 R-LRE was purified from E. coli (pLRE) cells according to the method for purification of native A-LRE from P. pyralis. Purified R-LRE was assayed with oxyluciferin, and products of the reaction were analyzed by reverse phase chromatography with HPLC ( Fig.7) .
Figure 7
Analysis of reaction products by HPLC. The reaction mixtures, after incubation, were injected into an ODS column as described under "Experimental Procedures". a, omission of D-cysteine and LRE; b, omission ofD-cysteine; c, complete mixture. The chromatographic peaks 1, 2, and 3 correspond to luciferin, 2-cyano-6-hydroxybenzothiazole and oxyluciferin, respectively.
When LRE and D-cysteine were not contained in the reaction mixtures, two major peaks of 2-cyano-6-hydroxybenzothiazole and oxyluciferin and a minor peak of luciferin were observed (Fig.7 a) . When LRE was added to this reaction mixture, the peak of oxyluciferin was lost, and the peak of 2-cyano-6hydroxybenzothiazole increased markedly ( Fig. 7 b) . Furthermore, after adding D-cysteine, the peak of 2-cyano-6-hydroxybenzothiazole decreased, and the peak of luciferin became the major peak ( Fig. 7 c) . Luminescence of each reaction mixture was measured by adding luciferase and ATP. Luminescence of the reaction mixture containing LRE andD-cysteine was increased to a greater extent than the others (data not shown). Fig. 8 shows the effects of R-LRE on luciferin-luciferase reaction. Luminescence of luciferase and luciferin with or without R-LRE was monitored with a luminometer. The peak of luminescence with LRE doubled without LRE, and it decreased more slowly than that without LRE. 
DISCUSSION
In this paper, we have described the detection, purification, and characterization of novel enzyme, LRE, from three fireflies. Moreover, we have succeeded in cloning, sequence analysis, and expression in E. coli of A-LRE cDNA isolated fromP. pyralis.
We found the activity regenerating oxyluciferin intoD-luciferin in the extract of the firefly P. pyralis. The activity was eluted in the protein fractions after gel filtration ( Fig. 3) , which indicated that the regeneration reaction was enzymatic in contrast to Suzuki and Goto's suggestion (6) . They suggested that D-luciferin was regenerated by a two-step reaction, which was non-enzymatic because D-luciferin was regenerated from oxyluciferin in buffer containing onlyD-cysteine. Our results indicated, however, thatD-luciferin was efficiently regenerated from oxyluciferin by an enzyme, LRE, in the firefly.
The molecular size of the purified A-LRE was 38 kDa as determined from its mobility on SDS-PAGE ( Fig. 4) and 40 kDa as judged from the retention time on the gel filtration column. The value obtained by SDS-PAGE was slightly smaller than that determined by gel filtration, but A-LRE seems to be comprised of a single polypeptide. Intact A-LRE was not modified because R-LRE and A-LRE showed the same mobility on SDS-PAGE.
We also purified LREs from two Japanese fireflies (L. cruciata and L. lateralis). Molecular sizes of both LREs were ∼35 kDa as judged from their mobility on SDS-PAGE (data not shown). These two Japanese fireflies are expected to have the same luciferin-regenerating system as P. pyralis, despite the distance between their habitat. Adult fireflies do not eat, drink only water, and therefore must make luciferin without intake of organic compounds. Thus, a system for recycling of luciferin would be necessary for fireflies. The purified LREs were characterized together. Especially, H-LRE was found to be the most stable among these LREs (Fig. 5 ). Previously, we reported purification and characterization of luciferases from three fireflies (12) . Luciferase of L. lateralis was the most stable, similar to LRE. The stability of enzymes originating from insects may be influenced by environmental factors such as the temperature during the growth season becauseL.
lateralis is active at a warmer time of the year thanL. cruciata.
The cDNA sequence showed that the open reading frame consists of 927 bp, which encodes 308 amino acids. A homology search for amino acid sequence deduced from the cloned LRE cDNA in the Swiss-Prot protein sequence data base revealed some sequences with low levels of homology. This indicated that LRE was a novel protein.
Purified recombinant LRE was assayed with oxyluciferin, and products of the reaction were analyzed by HPLC ( Fig. 7) . When oxyluciferin was assayed with LRE, the peak of 2-cyano-6-hydroxybenzothiazole became high. When oxyluciferin was assayed with LRE andD-cysteine, however, a peak of luciferin was found, and the peak of 2-cyano-6-hydroxybenzothiazole had disappeared. These results suggested that LRE catalyzed the conversion from oxyluciferin to 2-cyano-6hydroxybenzothiazole, and 2-cyano-6-hydroxybenzothiazole produced by LRE was non-enzymatically converted to luciferin withD-cysteine. These observations agreed with those reported by Suzuki and Goto that condensation of 2-cyano-6-hydroxybenzothiazole with D-cysteine yielded luciferin (6) . However, they also concluded that oxyluciferin was non-enzymatically converted into 2-cyano-6-hydroxybenzothiazole. Although luciferin can be reproduced non-enzymatically, LRE markedly increased the efficiency of the reaction. Despite the absence of D-cysteine, very small peaks of luciferin were detected ( Fig. 7, a andb) . These peaks may have been seen due to contamination by luciferin or D-cysteine in the reaction mixture. Oxyluciferin has a strong inhibitory effect on luciferase in a manner competitive with luciferin (4, 5) . Based on these observations, conversion of oxyluciferin by LRE appears to result in the rapid turnover of luciferase for the next light emission.
To confirm this, purified recombinant LRE was assayed with luciferin and luciferase ( Fig. 8 ). LRE showed some effects on the reaction. Luminescence without LRE was almost zero at 9 min under these conditions. Interestingly, the amount of luminescence integration for 20 min was increased by 25-fold in the presence of LRE as compared with that in its absence. Under these conditions, luminescence was not maintained at the same level as the peak of the reaction. Luciferin is thought to be efficiently recycled in the body of the firefly. Our data are still inadequate, and the reaction system still requires further optimization or other factors may be required. Other factors may be found by the same means as used in the present study; that is, incubation of all gel filtration fractions with oxyluciferin and LRE and analysis of the amount of luciferin regenerated by LRE andD-cysteine by monitoring the luminescence of luciferin. Fractions containing the factors will affect the luciferin regeneration reaction. Luciferase assays have been used to determine the amounts of ATP in the various biological samples, and biotinylated luciferase has been used for immunological detection of various compounds and microorganisms (13).
Eisaki et al. have reported a system for recycling of ATP by pyruvate orthophosphate dikinase (PPDK, E.C. 2.7.9.1) (14, 15) . In this system, AMP and pyrophosphate produced from ATP by luciferase were converted back into ATP by PPDK. The ATP generated by PPDK was used by luciferase, and luminescence of luciferase was amplified. Recycling of ATP is useful to increase the sensitivity of luciferase assays. The system with LRE is also expected to increase the sensitivity of luciferase assays to detect target compounds. Studies are currently underway in our laboratory to determine the optimum conditions for luminescence assays with LRE.
